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Abstract 
The use of membranes for CO2 separation has been considered as a very good 
alternative to amine absorption thanks to potentially lower cost & process simplicity, 
energy saving and environmental friendliness. In this work CO2 separation performance 
of facilitated transport polymer composite membranes developed by MEMFO 
(membrane research group at NTNU, Norway) is presented together with the effect of 
contaminants which would be present in real process streams; basically for high pressure 
natural gas. These facilitated transport membranes where carriers are fixed on polymer 
show robust CO2 separation performance towards contaminants. There are also many 
challenges to overcome to develop a membrane successfully for a scaled-up module 
because many parameters developed for a small lab scale may not apply directly for a 
larger scale. In this work and presentation, some of the difficulties during scaling-up of 
the FSC (fixed-site-carrier) membranes are introduced. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The CO2 in natural gas must be removed to meet specification in order to reduce corrosion in pipelines 
and increase its heating value [1-2]. Commercial membranes used for natural gas sweetening today (mostly 
cellulose acetate) have a selectivity of 12-15 under normal operation conditions, but are slowly being 
replaced by polyimide and polyamide membranes with selectivity of 20-25 [3]. To be able to make 
membrane separation competitive with the amine absorption process, it is necessary to obtain a viable 
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membrane with separation factor around 40 and a CO2 permeance of 0.27 m3 (STP)/m2 h bar [3]. 
Numerous membranes with the target selectivity have been reported but most of them do not seem to 
maintain their properties under real industrial conditions. 
The manufacturing industry is responsible for 13% of the total greenhouse gas emissions in the EU due 
to producing CO2 from the fuel combustion while coal fired plants have the highest emission of CO2 [4]. 
Currently, the most commonly known CO2 separation technology is amine solvent absorption. Though 
amine solvent absorption technology is a mature and effective tool to remove CO2, it certainly has 
problems such as a high capital cost, a high energy demand for regeneration of absorbent, corrosion and 
potentially hazardous amine wastes with regard to the fact that the cost and environmental friendliness will 
be the most important issues in the nearest future.  
The use of membranes for CO2 separation has been considered as a very good alternative due to process 
simplicity, energy saving with potentially lower cost and environment friendliness. 
To make the membrane separation process a competitive technique for CO2 capture, it is necessary to 
obtain both good selectivity and high CO2 permeability overcoming a trade-off between the permeability 
and the selectivity [5]. In addition to separation performance itself, a commercial membrane needs to be 
stable, withstand contamination such as hydrogen sulfide (H2S) and hydrocarbons of a higher degree for 
natural gas sweetening and acidic gases such as SO2 and NOX for flue gas purification. It also needs to be 
easy to manufacture at a low cost. MEMFO (membrane research group at NTNU, Norway) has been 
developing CO2 separation membranes based on facilitated transport by FSC (fixed-site-carrier) of 
polyvinylamine for many years, and these membranes have been showing a promising performance of high 
flux as well as high selectivity in favour of CO2 [6-8]. 
2.  Facilitated transport membranes for gas separation 
The first facilitated transport membrane demonstrated by Scholander was a supported liquid membrane 
(SLM) [9]. This type of membranes encountered serious problems such as entrainment with the gas stream, 
deactivation of the complexing agent (carrier) and evaporation losses. LeBlanc et al. [10] proposed an ion 
exchange membrane where the carriers were kept within the membrane matrix by electrostatic forces, 
which reduced the degradation of carriers. Matsuyama used plasma polymerization to obtain ion-exchange 
membranes [11]. Quinn et al. [12] developed a series of polyelectrolyte and polyelectrolyte-salt blend 
membranes that have been patented.  
FSC membranes have carriers covalently bonded directly to the polymer backbone; hence the carriers 
have restricted mobility and therefore more stable. Amines are one of the possible carriers for CO2 capture 
in FSC membranes. Kim et al. [6] proposed a facilitated transport mechanism for a novel FSC 
polyvinylamine (PVAm) membrane where CO2 is transported as bicarbonate. The schematic mechanism is 
shown in Figure 1. 
The proposed mechanism illustrated in Figure 1 suggests that the CO2 reacts with the water and form 
bicarbonate. The water will at the same time protonate the primary amine in the polyvinylamine. The 
bicarbonate will hop from amine to amine sites and then will convert back into CO2 by reversible reaction 
and CO2 is released at the permeate side. It has also been investigated the effect of swelling for aminated 
polymer membranes for facilitated transport, the investigation showed higher selectivity in swollen state 
than dry condition [1, 6]. 
3. Contaminants in natural gas and flue gas  
Untreated natural gas contains varying amount of contaminants such as H2S, propane, n-hexane, higher 
hydrocarbons, etc. in addition to CO2. While the most abundant contaminant is CO2 (5-40%), quite much 
amount of propane (often more than 5 %), H2S (sometimes more than 1%) and trace amount of n-hexane 
are present. These contaminants may affect CO2 separation performance of membranes. 
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Figure 1. A proposed mechanism for facilitated transport in a fixed-site-carrier membrane [15].  
 
 
It is expected especially that H2S present in the natural gas may affect the separation performance of 
CO2 if it is adsorbed on the fixed-site-carriers consisting of the covalently bonded amines in the selective 
layer. The expected reaction mechanisms are mentioned in [13]. 
The flue gas composition considered is based on the exhaust gas from coal fired power plant. The flue 
gas will consist of mostly N2 (70-95%), NOX (up to several hundred ppm), SO2 (up to several hundred 
ppm) and CO2 where CO2 content varies mostly from 5 to 20%. The SO2 and NOX present in the flue gas  
may turn out to have a significant effect on the separation performance for the membrane due to  
potentially strong adsorption on the amine fixed-site-carriers in the FSC membranes. The adsorbed 
contaminants may then block the carriers and reduce the facilitated transport of CO2. The amine polymers 
are expected to have a tendency to absorb more SO2 than CO2 due to the higher affinity for SO2 and some 
mechanisms are proposed by Diaf et al. [14]. In the case of NO, it is expected to be adsorbed on the amine 
sites due to the possible oxidation of the active amine sites proposed by Drago et al. [15]. 
4. Experimental 
4.1 PVAm/PVA Blend FSC membrane for natural gas sweetening  
 
The PVAm/PVA (polyvinyamine/polyvinylalcohol) blend FSC membrane has been developed for the 
specific purpose of CO2 capture from natural gas  [1, 7]. The membrane consists of a selective layer of a 
blend of polyvinylamine (PVAm) and polyvinylalcohol (PVA) on a microporous polysulfone (PSf) 
support. The amine groups in the PVAm matrix will act as CO2 carriers and will transport CO2 according 
to the facilitated transport mechanism. The PVA will add mechanical strength to the polymer layer by 
entanglement with the PVAm chains and create a supportive network. The membrane has previously 
showed a selectivity for CO2 over N2 of 160 and a CO2 permeance up to 0.83 m3(STP)/m2 h bar [8]. For 
natural gas sweetening it showed a selectivity of CO2 over CH4 of 47 and a CO2 permeance up to 0.24 
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m3(STP)/m2 h bar [8].  The focus in this presentation is on durability of the membrane material towards 
contaminants in natural gas. 
  
4.2 PVAm FSC membrane for CO2 separation from flue gas 
 
PVAm FSC membrane [6-8, 16-17] has been developed for the specific purpose of CO2 capture from 
flue gas. The membrane consists of a selective layer of polyvinylamine (PVAm) on a microporous 
polysulfone (PSf) support. The PVAm FSC membrane is intended for low pressure applications. The 
membrane has previously showed a selectivity for CO2 over N2 of 200 and a CO2 permeance up to 0.6 
m3(STP)/m2 h bar [6-8]. Only stability over time for flue gas exposure will be discussed in the presentation. 
 
4.3 Preparation of FSC membranes 
 
The PVAm/PVA blend and PVAm composite membranes are prepared by casting solution of PVAm 
and PVA onto a polysulfone (PSf) support membrane. The cast membrane is then dried overnight and 
thermally treated at 40-160°C [1, 6-8]. 
In this work the flat sheet membrane preparation is scaled up to pilot size of 30cm x 30cm from lab. 
scale size of 8cm x 8cm [1, 6-8] and sample cuts from the flat sheet membranes of the pilot size are used 
for CO2 separation test from methane, nitrogen and other contaminants. The parameters for the pilot scale 
membrane preparation are quite different from those for the lab. scale preparation. The different parameters 
are obtained from many trial tests, for example, changing solvent composition, concentration of polymers, 
casting temperature & duration time, top-layer thickness, etc. based on the lab. scale experiences and 
theoretical considerations over physical & chemical properties such as hydrophobicity & hydrophilicity, 
viscosity of solution, expansion coefficient & heat transfer coefficients of different polymer composite 
materials, etc. and economic & environmental factors are also considered 
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Figure 2. Experimental set-up for mixed gas permeation testing. 
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4.4 Permeation experiments 
 
An experimental set-up was used for mixed gas permeation test of the membranes as shown in Figure 2. 
The feed gas was supplied from pre-mixed gas cylinder (for example, 10 vol% CO2 in CH4 gas or 10 vol% 
CO2 in N2 gas). There was also used a sweep gas to achieve better recordings of fluxes and gas 
compositions. A small size sample cut from a pilot size flat sheet membrane was installed in a thermostatic 
cabinet with a temperature control system. Membrane was mounted between the permeate chamber and the 
feed gas chamber in a membrane module. The sweep and feed gas were partially saturated with water with 
bubbling the gases through water before entering the membrane module. The composition of the permeate 
gas was obtained by an online gas chromatograph equipped with a thermal conductivity detector 
(MicroGC3000). The relative humidity of the feed gas was measured by an online humidity analyzer. The 
relative humidity was varied from 35 to 95%. The long-term flue gas contamination test was done in a pilot 
scale set-up and a module where the size of the membrane sample cut was about 30cm x 30cm.  
 
4.5 Contamination experiments 
 
The PVAm/PVA blend membrane for natural gas sweetening was contaminated with water saturated 
H2S and hydrocarbons at 5 barg in a sealed chamber for 7 days under exposure of the contamination gas 
and tested for CO2 permeation. The contamination gas contained 1.0% H2S, 4.0% Propane, 0.1% n-hexane 
and 94.9% methane. The PVAm membranes for CO2 capture in flue gas were exposed to acidic gases 
containing 16 %CO2 78% N2, 5% O2, 200 ppm SO2 and 200 ppm NOx. 
5. Result and discussion 
5.1 The effect of H2S, propane and n-hexane contamination 
 
The PVAm/PVA blend membranes were tested before and after exposure to 1vol% H2S, 4% propane 
and 0.1% n-hexane. The results are shown in Figure 3. 
While there is not any remarkable effect on CO2 permeance, there is some selectivity decrease at 
relative humidity lower than about 80%. The reason can be explained by the swelling effect and 
hydrophobic character of adsorbed propane and n-hexane where reduced membrane’s affinity for water and 
loosened structure may result in reduced selectivity. But over 80% humidity, the enough supply of water 
enhances bicarbonate formation and restores selectivity to the level before exposure. Considering the high 
water vapor humidity of natural gas stream, this PVAm/PVA blend membrane has a good potential to be 
used without performance degradation even under exposure to the contaminants in real conditions. 
 
5.2 The effect of acidic contaminants in flue gas 
 
 The CO2 separation performance of the PVAm membranes was tested for over 500hours during a 
period of 90days under conditions of 1.05-1.3bar, 30-50oC and relative humidity 95% using the feed gas of 
the composition of high content of SO2 and NOx mentioned above. 
Figure 4 shows that the membrane did not show degradation in performance under the harsh conditions 
even with frequent start-ups and close-downs of the set-up. This indicates that the SO2 or NOx is not highly 
adsorbed on the amine sites and would not affect or interfere with the facilitated transport of CO2 through 
bicarbonate, HCO3-. 
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Figure 3. The effect of contamination on the CO2 permeance and CO2/CH4 selectivity for 
PVAm/PVA blend membrane at 35oC, 1.2 bar of 10% CO2 in methane feed gas pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The performance of FSC membrane for the last 20days of 90day test with some close-
downs and start-ups of a pilot scale set-up. 
 
 
5.3 The effect of scale-up parameters of the membrane preparation on membrane performance 
 
As shown in Figure 5, the membranes manufactured with the new scaled-up parameters and devices 
showed almost the same results with those prepared with the lab. scale parameters [18]. 
742 T.-J. Kim et al. / Energy Procedia 4 (2011) 737–744
 Taek-Joong Kim et al./ Energy Procedia 00 (2010) 000–000  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Relative humidity, %
50 60 70 80 90 100
CO
2 
Pe
rm
ea
n
ce
, 
m
3 (S
TP
)/m
2  
ba
r h
r
0,00
0,05
0,10
0,15
0,20
0,25
0,30
0,35
0,40
Pilot scale prepared (2bar, 25oC)
Small lab scale prepared (2bar, 25oC)
Relative humidity, %
50 60 70 80 90 100
Se
le
ct
ivi
ty
, C
O
2 
o
ve
r 
CH
4
0
10
20
30
40
50
Pilot scale prepared (2bar, 25oC)
Small lab scale prepared (2bar, 25oC)
 
Figure 5. Comparison of membrane performance of large flat sheet membranes prepared by 
scaled-up method and device with lab-scale prepared membranes (feed gas, 10% CO2 + 90% CH4). 
 
6. Conclusion 
The PVAm/PVA blend membrane and PVAm membrane maintained excellent CO2 separation 
performance even after exposure to very high content of contaminants. The membranes prepared by a 
scale-up method showed the same good results with those by the lab. scale method. With regard to the 
results that showed best performance at the high humidity condition and the performance not affected 
seriously by contaminants, the membranes have a good potential to endure and apply for real industrial 
streams with contaminants. 
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